There is an urgent need to develop more effective therapies for hepatocellular carcinoma (HCC) because of its aggressiveness. Guadecitabine (SGI-110) is a second-generation DNA methyltransferase inhibitor (DNMTi), which is currently in clinical trials for HCC and shows greater stability and performance over first-generation DNMTis. 
Integrative Epigenetic Analysis Reveals Therapeutic Targets to the DNA Methyltransferase Inhibitor Guadecitabine (SGI-110) in Hepatocellular Carcinoma
for treatment of patients who have been previously exposed to sorafenib. Despite these advances, the median overall survival of patients is still limited to about 10 months. (5) Hence, there is an urgent need to develop new and more effective therapies for HCC.
A new therapeutic avenue has emerged using DNA methyltransferase inhibitors (DNMTis) to reverse DNA hypermethylation and associated gene silencing. Indeed, DNA methylation alterations frequently occur in HCC and are integral to the initiation and progression of the disease. (6) (7) (8) US Food and Drug Administration (FDA)-approved DNMTis, such as 5′-aza-2′-deoxycytidine (5-aza-CdR or decitabine) and 5-azacytidine (5-aza-CR or Vidaza), were developed and represented the first breakthroughs in the clinical application of epigenetic therapy. These DNMTis have shown significant efficacy in the treatment of myelodysplastic syndromes, chronic myelomonocytic leukemia, and acute myeloid leukemia. (9) (10) (11) (12) Recently, DNMTis have been introduced in clinical trials for patients with solid tumors. (13) (14) (15) However, those drugs exhibit very short in vivo half-lives following clinical administration due to deamination by cytidine deaminase. (16) (17) (18) This inhibits their application in treating cancers, especially solid tumors such as HCC.
SGI-110 (guadecitabine), a second-generation DNMTi, is a dinucleotide consisting of 5-aza-CdR linked to deoxyguanosine. The dinucleotide configuration provides protection from deamination by cytidine deaminase, while maintaining the activity of inhibiting DNMTs. (19) SGI-110 exhibits a longer half-life and more extended exposure than 5-aza-CdR intravenous infusion. (20, 21) In addition, in vitro and in vivo studies have shown that SGI-110 treatment in HCC cell lines resulted in inhibition of cell growth and delayed tumor growth in mouse xenograft models. Furthermore, combination treatments of SGI-110 with sorafenib or oxaliplatin showed improved antitumor effects. (22, 23) The traditional view on DNMTi treatment involves reactivation of tumor suppressor genes by DNA demethylation to suppress tumor growth and reverse the malignant phenotype. (24, 25) However, the level of DNA demethylation does not always correlate with the level of gene reactivation and/or predict clinical outcome. Recent investigations including several from our group suggest that oncogene down-regulation through gene body DNA demethylation, activation of endogenous retroviral elements (ERVs), and an antiviral defense response contribute to the clinical efficacy of DNMTis. (26) (27) (28) Because DNA methylation has tissue-specific and cancer-specific profiles, which vary greatly between cancer types, the antitumor activities of DNMTis may be specific for individual tissues and/or cancer types.
Because the therapeutic targets of SGI-110 in HCC have not been well identified, we performed an integrative analysis of genome-wide DNA methylation, nucleosome accessibility, and gene expression in human HCC cell lines over time following transient SGI-110 treatment to identify the potential epigenetic driver events that contribute to drug efficacy. Nucleosome occupancy changes have been recently recognized as important epigenetic regulators of gene expression by facilitating or inhibiting the accessibility of chromatin to the transcription machinery. (29) (30) (31) We used the AcceSssIble assay developed by our group to simultaneously analyze DNA methylation and nucleosome accessibility changes (32, 33) and then integrated these findings with gene expression data. Our study demonstrates an approach for identifying potential epigenetic therapeutic targets and provides a mechanistic rationale for evaluating SGI-110 in treating HCC patients in the clinic.
Materials and Methods

Cell CultuRe aND DRug tReatMeNtS
SNU398, SNU475, and HepG2 cells were purchased from the American Type Culture Collection (www.atcc.org) and treated with three daily consecutive doses of SGI-110 (Astex Pharmaceuticals, Dublin, CA) at 100 nM (72-hour total exposure) or GSK126 (enhancer of zeste 2 polycomb repressive complex 2 subunit [EZH2] inhibitor; Active Biochem, Ltd., Hong Kong) at 500 nM daily before being harvested.
aCCeSssIBle aND geNe eXpReSSioN aNalySeS
For the AcceSssI ble assay, nuclei preparation and M.SssI methyltransferase (New England BioLabs) treatments were performed as described. (32, 33) The subsequent Infinium DNA methylation assay was performed at the University of Southern California Molecular Genomics Core Facility according to the manufacturer's specifications (Illumina). Expression analysis was performed at Sanford-Burnham Medical Institute (La Jolla, CA) using the Illumina human genome-wide expression BeadChip (HumanHT-12_V4.0_R1). The detailed experimental procedures and data analysis are included as Supporting Information. All array-based DNA methylation and gene expression data used in this study have been deposited in the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/) under the accession number GSE105067.
patHWay aNalySiS
Gene Ontology (GO) and pathway enrichment analyses and functional annotation clustering were performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID), version 6.8. Relevant GO lists were ranked according to their P values as determined by DAVID.
StatiStiCal aNalySiS
Statistical tests were conducted using R software (R, version 3.1.2; R Development Core Team, https://cran.r-project.org/). The R package "ploycor" was used to calculate a matrix consisting of P values and Pearson correlations between gene expression and DNA methylation, as well as between gene expression and chromatin accessibility. The Wilcoxon ranksum test was used to assess statistical significance for RNA-sequencing gene expression differences of ubiquitin-like with plant homeodomain and ring finger domain 1 (UHRF1), EZH2, embryonic ectoderm development (EED), and SUZ12 polycomb repressive complex 2 subunit (SUZ12) between The Cancer Genome Atlas (TCGA) normal and primary HCC tumor samples. P < 0.05 was considered significant.
A detailed description of all experimental methods is included in the Supporting Information. For preclinical studies, it is important to determine whether cell line DNA methylation profiles are comparable to primary tumors and can be used for determination of the sensitivity of primary tumors to DNMTi-based therapies. With the aim of providing an experimental system in which the effects and potential therapeutic targets of the DNMTi SGI-110 could be evaluated for HCC patients, we first tested whether the DNA methylation status of cultured HCC cell lines mimics those of primary HCC tumor samples. We used the Illumina Infinium HumanMethylation450 BeadArray (HM450) platform to measure the genomescale DNA methylation of three HCC cell lines, HepG2, SNU398, and SNU475; and we then compared these findings to the publically available HM450 DNA methylation data of primary liver HCC patient samples from TCGA (https://cancergenome.nih.gov/ cancersselected/LiverHepatocellularCarcinoma). (8) The HM450 platform contains probes for 482,421 CpG sites across the human genome, covering 99% of RefSeq genes (more than 21,000 genes); and the probes are distributed in promoters, gene bodies, enhancers, and intergenic regions. (34) Unsupervised clustering of the TCGA HCC DNA methylation data set identified three distinct DNA methylation-based tumor subgroups by comparing 377 TCGA HCC tumors to 50 adjacent normal tissues. One group contains mostly hypermethylated loci ("high"), one group harbors both hypermethylated and moderately hypomethylated loci ("intermediate"), and the third group exhibits extensive DNA hypomethylation ("low") (Fig. 1A) . Several primary tumors were clustered with adjacent normal tissues and labeled "normal-like." These subgroups show a high correspondence to the TCGA iClusters, (8) with high, intermediate, and low groups consisting predominantly of iCluster 1, iCluster 2, and iCluster 3, respectively. Interestingly, SNU398, HepG2, and SNU475 cells were clustered within the high, intermediate, and low subgroups, respectively, and are closely clustered with HCC tumors from the three distinct iClusters. Multidimensional scaling analysis further confirmed that SNU398, HepG2, and SNU475 cells belong to three distinct DNA methylation subgroups (Fig. 1B) . Therefore, SNU398, HepG2, and SNU475 cells can be used as a preclinical model representing different HCC molecular subgroups to study how HCC cells respond to DNMTi treatment.
Results
tRaNSieNt Sgi-110 tReatMeNt oF SNu398, Hepg2, aND SNu475
CellS SHoWeD pRoloNgeD eFFeCtS oN Cell gRoWtH iNHiBitioN aND DNa DeMetHylatioN
We then used these three cell lines with unique DNA methylation profiles to evaluate the potency of SGI-110 (Fig. 1A,B) . Because DNMTi incorporation into genomic DNA is dependent on cell doubling, (28, 35) each cell line was treated with three consecutive 24-hour doses (72 hours total) of 100 nM SGI-110 to cover at least one cell doubling cycle before drug removal. Cells were then cultured in drug-free medium until there were no further differences in the population doubling times compared to untreated cells ( Fig. 2A) . Depletion of DNMT1, DNMT3A, and DNMT3B protein levels was observed at day 3 after the treatment with SGI-110, 5-aza-CR, or 5-aza-CdR (Supporting Fig. S1 ), suggesting that the current dose of SGI-110 is as potent as other DNA methylation inhibitors. Prolonged increases in cell doubling times occurred in all three cell lines by SGI-110 and peaked at around 10 days for SNU398 and HepG2 cells and 24 days for SNU475 cells (Fig. 2B) . We observed increases in apoptosis and cell cycle arrest at day 10 after treatment of SNU398 cells (Supporting Fig. S2 ), which may explain the antitumor effects observed as a consequence of SGI-110 treatment.
We then monitored DNA methylation changes after SGI-110 treatment using the HM450 DNA methylation array. Demethylation of methylated probes (β value > 0.8 before treatment) was observed in all three cell lines, peaking at day 10 after SGI-110 treatment, and occurred for probes located in promoters (Fig. 2C ) or gene bodies (Fig. 2D) or globally across the genome (Supporting Fig. S3 ). Most of the demethylated promoter and gene body regions then were remethylated at different kinetic rates with a population of regions that remained demethylated at day 24 after treatment ( Fig. 2E,F) . However, the DNA remethylation rates of individual probes were not uniform. Interestingly, a population of probes remained demethylated, which may contribute to the prolonged growth inhibition effects after SGI-110 treatment ( Fig. 1B; Supporting Fig. S3 ). (28) Sgi-110 tReatMeNt oF SNu398, Hepg2, aND
SNu475 CellS iNCReaSeS CHRoMatiN aCCeSSiBility oF DeMetHylateD oR uNMetHylateD loCi
Our previous studies have demonstrated that most DNA demethylation events are "passenger" effects and do not result in functional gene expression changes due to retained chromatin inaccessibility after DNMTi treatment. (32) Our goal is to identify "driver" epigenetic events as potential therapeutic targets induced by SGI-110 that could result in gene expression changes, thereby accounting for alterations of cellular phenotypes upon treatment. Because nucleosome positioning also plays an important role in regulating gene expression, we performed AcceSssI ble analysis to simultaneously analyze DNA methylation and chromatin accessibility in HCC cell lines after SGI-110 treatment. (32, 33) In this assay, chromatin accessibility levels at individual CpG loci were obtained by subtracting the endogenous DNA methylation β value from the β value after M.SssI treatment for each probe on the HM450 platform (Supporting Fig. S4 ). (32) We measured the DNA methylation and chromatin accessibility levels at each time point after SGI-110 treatment for all three HCC cell lines. We then plotted DNA methylation changes (Δβ values) against the levels of chromatin accessibility changes (ΔΔβ values) between untreated and SGI-110-treated cells in two-dimensional kernel density scatter plots to examine the epigenetic changes at each time point after SGI-110 treatment ( Fig. 3A; Supporting Fig. S5 ). Six potential models (a, b, c, d, e, and f ) can theoretically illustrate these changes (Fig. 3A,B) . (33) Groups a and b represent gains in DNA methylation with (group a) or without (group b) nucleosome accessibility changes after SGI110 treatment (Fig. 3A,B) . Groups c and d represent DNA demethylation without (group c) or with (group d) nucleosome accessibility changes after drug treatment. Finally, groups e and f represent nucleosome accessibility alterations at unmethylated loci. However, because SGI-110 mainly induces DNA demethylation, nearly all changes fell into groups c, d, and f ( Fig. 3C; Supporting Fig. S5 ). SGI-110 treatment resulted in a majority of DNA demethylation events that were not associated with a corresponding gain of nucleosome accessibility during the experimental time course (group c) ( Fig. 3C;  Supporting Fig. S5 ). Interestingly, a small number of probes (<2% of all probes) gained nucleosome accessibility with loss of DNA methylation (group d) and without involvement of DNA methylation (group f ) ( Fig. 3C; Supporting Fig. S5) . Therefore, the AcceSssI ble assay allows for the discrimination of functional DNA demethylation events, namely those events that are accompanied by nucleosome accessibility changes, illustrated (group d in Fig. 3B ) from potential "passenger" effects of DNA demethylation with continued inaccessible chromatin (group c in Fig. 3B ). In addition, AcceSssI ble identified potential functional loci or genes after SGI-110 treatment without involvement of DNA methylation after SGI-110 treatment (group f ) ( Fig. 3; Supporting Fig. S5 ). In general, most DNA demethylation events occurred at day 10 after SGI-110 treatment (group c, Fig. 3C ; Supporting Fig. S5 ), while most nucleosome accessibility changes occurred at day 17 after treatment (groups d and f, Fig. 3C; Supporting Fig. S5 ) for all three cell lines, suggesting that DNA demethylation preceded the increase in nucleosome accessibility at functional loci.
Taken together, our results showed that the majority of demethylated DNA regions remained inaccessible as potential "passenger" changes, while a smaller subset of loci gained nucleosome accessibility with or without involvement of DNA methylation.
tHe MaJoRity oF geNe eXpReSSioN alteRatioNS aFteR Sgi-110 tReatMeNt CoRRelate WitH DNa MetHylatioN aND/oR NuCleoSoMe aCCeSSiBility CHaNgeS
To further assess the functional consequences of SGI-110-induced DNA methylation and nucleosome accessibility changes, we integrated genomewide expression, DNA methylation, and chromatin accessibility data for all three cell lines. Using a 2-fold expression change as a cutoff, we identified 438, 577, and 248 up-regulated genes (Fig. 4A) , as well as 386, 435, and 316 down-regulated genes (Fig. 4B) , during the experimental time course after SGI-110 treatment in SNU398, HepG2, and SNU475 cells, respectively. The majority of these genes did not overlap (Fig. 4A,B) , which may be due to different DNA methylation profiles of each cell line before drug treatment (Fig. 1) .
We then examined the relationship between gene expression changes and alterations in nucleosome accessibility and DNA methylation at all time points before and after SGI-110 treatment. We first examined the epigenetic changes at the promoters of genes that became up-regulated after drug treatment (Fig. 4A) . As evident by the peak in the kernel density plot, there was a significant negative correlation between gene expression and promoter DNA methylation (highlighted blue, r < -0.5) and a positive correlation between gene expression and promoter accessibility (red, r > 0.5) for the majority of upregulated genes after treatment in all cell lines (Fig. 4C) . This is consistent with the well-established model that promoter DNA demethylation and increased chromatin accessibility lead to gene activation. (25, 32, 33) More importantly, we also found that the majority of down-regulated genes after drug treatment exhibited a significant positive correlation between expression and gene body DNA methylation (blue, r > 0.5) and a negative correlation between expression and gene body nucleosome accessibility (red, r < -0.5) (Fig. 4D) . Therefore, AcceSssI ble analysis revealed that SGI-110 modulates gene expression in HCC cells through increasing nucleosome accessibility not only at gene promoters but also at gene body regions.
iNtegRatiVe aNalySiS iDeNtiFieS Sgi-110 taRget geNeS tHat aRe FReQueNtly alteReD iN pRiMaRy HCC tuMoRS
We further tested the number of genes targeted by SGI-110 that overlap with aberrantly expressed genes in primary HCCs, which may have important applications for preclinical studies, clinical trials, and treatments in HCC patients. First, we identified the most frequently altered genes in primary HCCs based on the TCGA HCC gene expression data set, and we compared these with SGI-110-targeted genes by intersecting the gene expression profiles of the three HCC cell lines before and after SGI-110 treatment.
Using a 4-fold expression cutoff, we identified 288 overexpressed genes in >50% of primary TCGA HCC tumors (Fig. 5A) . These genes were involved in various pathways including cell cycle regulation, DNA repair, chromatin organization, angiogenesis, etc. (Supporting Fig. S6A,B) . Importantly, several epigenetic regulators are overexpressed in primary HCC tumors, including UHRF1 and the polycomb repressive complex 2 (PRC2) members EZH2, EED, and SUZ12 (Supporting Fig. S7A ). About 62% (148/238) became down-regulated >2-fold after SGI-110 treatment in at least one HCC cell line (Fig. 5B) . In addition, the down-regulated expression of these genes in each HCC cell line was associated with gene body DNA demethylation and increased nucleosome accessibility at gene body regions ( Fig. 5C; Supporting Fig.  S6C) .
Remarkably, the top 10 most significant GO processes for these genes were mostly related to cell cycle regulation in all three HCC cell lines (Supporting Fig. S6B ), suggesting that SGI-110 treatment could revert the hyperproliferative HCC phenotype through down-regulation of cell cycle-related genes, such as the E2 factor (E2F) family of transcription factors. By searching DAVID (https://david.ncifcrf.gov) and using the UCSC_TFBS (University of California Santa Cruz_Transcription Factor Binding Site) program, these genes were regulated by transcription factors such as E2F, nuclear transcription factor Y (NFY), ecotropic viral integration site 1 (EVI1), and NK2 homeobox 2 (Fig. 5D ) and are involved in key signaling pathways contributing to the hallmarks of HCC, including transforming growth factor beta (TGFβ), wingless-type mouse mammary tumor virus integration site family (WNT), retinoblastoma protein-E2F, and multiple cell cycle/metabolism. (8, (36) (37) (38) Importantly, we found that expression of the NFY family of transcription factors is linked with HCC survival as patients with low NFY family expression showed improved survival outcome (Fig. 5E) , highlighting the important role of SGI-110 in down-regulating NFY target genes. In addition, the above-mentioned epigenetic regulators UHRF1, EZH2, EED, and SUZ12, whose expression levels were reduced by gene body DNA demethylation after drug treatment (Supporting Fig. S7B,C) , showed restored expression levels upon remethylation as a function of gene body DNA remethylation. Therefore, by altering gene body DNA methylation and nucleosome accessibility, SGI-110 reversed several well-known HCC related oncogenic pathways ( Fig. 5D; Supporting Fig. S6A,B) .
Using the same approach, we identified 643 down-regulated genes in TCGA HCC tumors (Fig. 6A ) that are also associated with hallmarks of HCC by dysregulation of cellular differentiation, resistance to apoptosis, metabolic reprogramming, and immune destruction avoidance, as described (Supporting Fig.  S8A ). (8, (36) (37) (38) About 39% (147/377) were activated >2-fold after SGI-110 treatment in at least one HCC cell line (Fig. 6B) . Although the majority of these genes were differentially up-regulated between the individual HCC cell lines (Fig. 6B) , their functions largely overlapped (Supporting Fig. S8B ), suggesting that SGI-110 treatment may reverse HCC hallmarks by activating different genes within the same signaling pathways.
Next, we found that the genes that were up-regulated after SGI-110 treatment ( Fig. 6C; Supporting   Fig. S8C ) fell into two groups: (1) genes that correlated with promoter DNA demethylation and increased chromosome accessibility and (2) reactivated genes that were independent of promoter DNA demethylation but demonstrated increased chromosome accessibility ( Fig. 6C; Supporting Fig. S8C ). We found that the first group of genes displayed differential promoter DNA methylation and were also largely methylated in TCGA HCC tumors (Fig. 6D) , suggesting that these genes may be direct targets of SGI-110 through promoter DNA demethylation. The second group of genes exhibited only increased chromatin accessibility after SGI-110 treatment and were mostly unmethylated in TCGA HCC tumors (Fig. 6E) . We found that the majority of these genes were EZH2 targets (PRC2 complex) after cross-referencing with the Encyclopedia of DNA Elements (ENCODE) database for histone modifications as 87% of the probes were occupied by EZH2 or marked by trimethylated lysine 27 of histone 3 (H3K27me3) in HepG2 cells (Fig. 6E) . Importantly, many of these EZH2 targets are well known tumor suppressors, such as SFRP1, MT2A, ALPL, RND3, MT1F, and MT1M. These findings indicate that this group of genes could be activated by down-regulation of EZH2, EED, and SUZ12 upon SGI-110 treatment (Supporting Fig.  S7 ) and suggest that SGI-110 functions as a dual inhibitor, not only for DNA demethylation but also reduced H3K27me3 occupancy through down-regulated expression of PRC2 complex genes. To further test this hypothesis, we treated all three HCC cell lines with an EZH2 inhibitor (GSK126) and tested whether this group of SGI-110 target genes could be up-regulated. We found that EZH2 inhibitor treatment did indeed up-regulate a panel of SGI-110-targeted genes independent of DNA methylation (Supporting Fig. S9 ). Therefore, SGI-110 as a dual Analysis of transcription factors related to these genes using "UCSC TFBS" searching in DAVID with P < 0.05 (blue bars represent -log 10 P value) and fold enrichment score >1 (orange bars). (E) Patient survival outcome comparing TCGA HCC (192 patients) in the lowest to the highest quartiles of NFYA, NFYB, and NFYC expression. Log-rank (Mantel-Cox) test was used for statistics. Abbreviations: BACH, BTB domain and CNC homolog; BRCA1, breast cancer 1; CART1, cartilage paired-class homeoprotein 1; CMP1, cartilage oligomeric matrix protein 1; FC, fold change; MAPK, mitogen-activated protein kinase; MEF2, myocyte enhancer factor 2; MRK, mitogen-activated protein kinase kinase kinase 20; NF-κB, nuclear factor kappa B; NKX2.2, NK2 homeobox 2; PBX1, pre-B-cell leukemia homeobox 1; PI3K, phosphoinositide 3-kinase.
inhibitor reactivates down-regulated or silenced genes in two unique ways: (1) direct DNA demethylation and increased chromatin accessibility of methylated gene promoters and (2) indirectly increased accessibility of PRC2-targeted gene promoters in a manner independent of DNA methylation but through down-regulation of EZH2, EED, and SUZ12. In addition, this finding demonstrated that AcceSssI ble analysis identified gene regulation changes through altering nucleosome accessibility with or without involvement of DNA methylation, which would otherwise be unidentifiable by DNA methylation analysis alone. In conclusion, these findings suggest that a large portion of aberrantly regulated genes (about 48%, 295/615) in primary HCC can be reversed by SGI-110 treatment and are the therapeutic targets of SGI-110.
Sgi-110 up-RegulateS iNteRFeRoN-ReSpoNSiVe geNeS By aCtiVatiNg eRV eXpReSSioN
We and others have demonstrated that ERV reactivation to stimulate an innate immune response in cancer cells is a key mechanism underlying the antitumor activities of DNMTis. (26, 27, 39) GO analysis of the down-regulated genes in TCGA HCC tumors also revealed an impaired immune response (Supporting Fig. S7A) . We analyzed the expression of 27 curated viral defense genes from previous publications (26, 27, 39) in 41 pairs of TCGA HCC tumors. All of these genes were down-regulated in 10%-60% of TCGA HCC tumors (Fig. 7A) , indicating that this innate viral defense pathway is frequently down-regulated in HCC. In contrast, >75% of the viral defense genes were up-regulated in HCC cell lines after SGI-110 treatment (Fig. 7B) .
We then examined the expression status of a panel of 25 ERVs at the day 10 time point after SGI-110 treatment, the time at which an immune response may occur. Indeed, ERVs were differentially up-regulated in all three HCC cell lines (Fig. 7C ). Among these ERVs, HERV-Fc1, HW33438, MLT, and LTC12C were up-regulated >2-fold in all three HCC cell lines after drug treatment (Fig. 7C ).
Discussion
The majority of targeted therapeutic approaches for HCC have focused on individual pathways that are known to be disrupted in HCC or harbor genetic alterations but with limited success. (4, 40) Although epigenetic alterations in general are pharmacologically reversible and DNA methylation-dependent epigenetic driver genes have been identified in HCC, (41) epigenetic alterations are overlooked as potential therapeutic targets in cancer therapy. The FDA-approved DNMTi decitabine and azacitidine (Vidaza) represented breakthroughs in the clinical application of epigenetic therapy. (42) In the area of solid tumors, SGI-110 was evaluated as a safe single agent in clinical trials in patients with advanced HCC, but target genes and pathway alterations to maximize the potential benefit of this approach remain unclear.
Our integrative analysis of DNA methylation, nucleosome accessibility, and gene expression has revealed the great potential of SGI-110 in treating HCC. We identified that three common HCC cell lines (SNU398, HepG2, and SNU475) were appropriate preclinical models for HCC because they represent the three DNA methylation-based subgroups of primary HCC tumors based on TCGA data. Furthermore, all three cell lines responded to transient, low-dose SGI-110 treatment and exhibited prolonged cell growth inhibition together with prolonged DNA demethylation, suggesting that SGI-110 targets HCC cells irrespective of their DNA methylation status. As demonstrated, prolonged cell inhibition may be dependent on extended DNA demethylation-based gene regulation, which may be caused by changes in histone modifications at gene body regions such as those with H3K36me3 occupancy and recruitment of DNMT3B. (28) However, our results also suggest that the prolonged DNA demethylation may be explained by UHRF1 down-regulation due to DNA demethylation of its gene body after SGI-110 treatment. Importantly, UHRF1 acts as an accessory protein in recruiting DNMT1 and binding hemimethylated DNA for maintenance DNA methylation through DNA replication, (43) and UHRF1 overexpression has been identified as a driver of HCC tumorigenesis. (44) Thus, SGI-110 can not only down-regulate DNMTs at the protein level but also directly down-regulate UHRF1 at the transcription level, leading to prolonged DNA demethylation and thereby exerting an antitumor effect.
Our previous work has demonstrated the importance of nucleosome accessibility in regulating gene expression. (32, 33) Here, we showed similar findings in all three HCC cell lines. Specifically, we showed that functional DNA demethylation or a potential therapeutic target represents only a very small portion of demethylated loci that, together with increasing chromatin accessibility, are highly correlated with up-regulation of silenced genes or down-regulation of overexpressed genes by promoter and gene body DNA demethylation, respectively. Interestingly, we found that SGI-110, similar to an EZH2 inhibitor, directly increases the nucleosome accessibility of unmethylated promoters initially silenced by PRC2 occupancy, thereby leading to altered gene expression. This may be due to the direct removal of chromatin-based PRC2 proteins to turn on gene expression. Indeed, we have demonstrated that SGI-110, by comparison to the effects of an EZH2 inhibitor, can up-regulate or reactivate PRC2-silenced tumor suppressor genes in a manner independent of DNA methylation by direct down-regulation of EZH2, EED, and SUZ12 through gene body DNA demethylation. Thus, we demonstrate that SGI-110 acts as a dual inhibitor not only for DNA methyltransferases but also for PRC2 in HCC.
We successfully tested this in vitro system to determine whether the expression of well-known tumor suppressors, oncogenes, and other tumorigenesis-related genes can be corrected by SGI-110 treatment. Indeed, most of the aberrantly expressed genes in HCC were corrected by SGI-110 treatment based on the HCC cell line and TCGA data sets. Another notable finding is that SGI-110 preferentially down-regulates overexpressed genes, especially cell cycle-related genes, by gene body DNA demethylation rather than reactivation of down-regulated/silenced genes, as we previously demonstrated, but is still largely overlooked. (28) These genes are regulated by transcription factors such as NFY, E2F, and EVI1 and belong to pathways such as WNT, TGFβ, and phosphoinositide 3-kinase signaling, which were shown to be associated with HCC or other malignancies. (8, (36) (37) (38) 45) In addition, we find that high expression levels of the NFY family of genes correlate with worse clinical outcome in HCC patients.
Our results indicate that SGI-110 reverses a large portion of abnormally transcribed genes in HCC tumors and can up-regulate ERVs to stimulate an innate immune response. (26, 27, 39) Thus, we expect that SGI-110 may be even more efficacious in combination with other cancer treatment drugs at up-regulating ERVs or transposable elements and subsequently increasing sensitivity to immune checkpoint therapies (46) and resensitizing drug-resistant tumor cells. (47) Taken together, our findings suggest that SGI-110, acting as a dual inhibitor, has a significant antitumor effect by (1) reshaping the cancer cell expression profile into a "normal-like" status based on epigenetic reprogramming with a dependence on chromatin accessibility alterations and (2) reactivating ERVs to stimulate cancer cell immune response pathways, which provide the rationale for combination treatments with immune checkpoint therapies or chemotherapies to resensitize drug-resistant cancer cells. These data also provide mechanistic evidence to support clinical trials of SGI-110 in treating patients with HCC or other types of malignancies.
